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Routine hemodialysis induces 
a decline in plasma magnesium 
concentration in most patients: a 
prospective observational cohort 
study
Nicoline H. J. Leenders  1,2, Frans J. van Ittersum1, Tiny Hoekstra1, Joost G. J. Hoenderop2 & 
Marc G. Vervloet1
In hemodialysis patients, lower plasma magnesium (Mg) concentrations are associated with a higher 
overall and cardiovascular mortality. The optimal concentration appears to be above the reference 
range for the healthy population. Plasma Mg is not routinely measured after hemodialysis. Aim of this 
study was to determine the effect of routine hemodialysis on plasma Mg. Plasma Mg was measured in 
duplicate before (Mgpre) and after (Mgpost) dialysis in 6 consecutive hemodialysis sessions of 34 patients 
using a fixed 0.50 mmol/L dialysate Mg concentration. Mean Mgpre was 0.88 mmol/L (±0.14) and mean 
Mgpost was statistically significantly lower: mean intra-dialytic decline 0.10 mmol/L (95%-CI 0.06–0.13). 
A 0.10 mmol/L higher Mgpre was associated with a 0.03 mmol/L higher Mgpost (95%-CI 0.024–0.037). At a 
Mgpre of 0.74 mmol/L, Mgpost equalled Mgpre. There was an intra-dialytic decline of plasma Mg at higher 
Mgpre values and an increase at lower Mgpre values. In conclusion, in the majority of the hemodialysis 
patients, Mgpre concentrations are in the reference range of the healthy population, which may be 
too low for hemodialysis patients. Routine hemodialysis with the widely used 0.50 mmol/L dialysate 
Mg concentration, further declines magnesium in the majority of patients. Current dialysate Mg 
concentrations may be too low.
Magnesium is the fourth most abundant cation in the human body and is involved in many important physi-
ological functions, including over 300 mainly ATP-generating enzymatic reactions, maintenance of secondary 
DNA and RNA structures, modulation of cell proliferation and regulation of transmembrane transport of other 
ions including potassium and calcium1. Magnesium homeostasis is dependent on intestinal absorption, uptake 
and release by bone, and renal excretion. In advanced stages of chronic kidney disease (CKD), plasma mag-
nesium concentrations usually slightly increase as a consequence of reduced glomerular filtration2. In dialysis 
patients, clearance of magnesium becomes dependent on dialysis. For this reason, for a long time the general 
policy in dialysis patients has been avoidance of magnesium loading. However, serum magnesium concentration 
has been shown to be inversely associated with overall and cardiovascular mortality, incident coronary heart 
disease, incident atrial fibrillation and incident heart failure; and magnesium intake has been inversely asso-
ciated with ischemic stroke in observational studies in the general population3–8. Magnesium inhibits vascular 
calcification in in vitro studies in vascular smooth muscle cells and in animal models of CKD9,10. In the last years, 
several observational cohort studies demonstrated that lower pre-dialysis plasma magnesium concentrations are 
independently associated with higher all-cause and cardiovascular mortality in hemodialysis patients11–17. In one 
Japanese observational study, the optimal concentration of magnesium was 1.27 mmol/L, a value well above the 
reference range for the healthy population (typically 0.70–1.00 mmol/L)12. This may point to a protective effect of 
slightly increased magnesium concentrations in hemodialysis patients.
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In hemodialysis treatment, mostly, a fixed dialysate magnesium concentration is used and a dialysate concen-
tration of 0.50 mmol/L is widely applied. However, there is no reliable evidence for this practice. Moreover, infor-
mation from the literature on post-dialysis plasma magnesium concentrations and within-subject variability in 
patients on hemodialysis with a standard concentration of magnesium in the dialysate is insufficient. Few studies 
describe post-dialysis magnesium concentrations with a dialysate magnesium concentration of 0.50 mmol/L and 
generally an intra-dialytic decline was induced with post-dialysis magnesium concentration ranging between 0.67 
to 1.09 mmol/L18–21. Those studies either had a very small sample size or measured magnesium concentrations 
at one dialysis sessions only. None of them described within-subject variability. Aim of this study was to deter-
mine the effect of modern routine hemodialysis treatment on post-dialysis plasma magnesium concentrations in 
chronic hemodialysis patients in 6 consecutive hemodialysis sessions. Secondary aim was to estimate the influ-
ence of pre-dialysis magnesium concentrations on this dialysis effect.
Methods
Location and population. This study was performed in Diapriva Dialysis Center, Amsterdam, The 
Netherlands, a university-affiliated dialysis clinic for chronic hemodialysis. The study was conducted in accord-
ance with the declaration of Helsinki as revised in 2013 and was approved by the Ethical Committee of the VU 
University Medical Center (registration number 2016.275, NL57914.029.16). Possible candidates for study par-
ticipation were adult patients on chronic intermittent hemodialysis or hemodiafiltration with a fixed dialysate 
magnesium concentration of 0.50 mmol/L and a stable regular 3-times weekly schedule since at least 3 months 
who provided written informed consent. Patients were excluded from participation if cessation of dialysis was 
expected within two weeks or if they received continuous intravenous magnesium supplementation with changed 
dose in the last two weeks or intermittent intravenous magnesium supplementation.
Study design and data collection. A prospective observational cohort study was performed. The follow-
ing baseline characteristics were collected: sex; age; length; weight; type of dialysis (hemodialysis or hemodia-
filtration); usage, dose and type of oral magnesium supplements including laxatives and antacids, magnesium 
containing phosphate binders, proton pump inhibitors, diuretics, calcineurin inhibitors and intravenous mag-
nesium supplementation; most recent estimation of dialysis efficiency (single pool Kt/Vurea per session according 
to Daugirdas’ formula); and most recent results of routine laboratory pre-dialysis (non-fasted) measurements 
for serum albumin, total calcium (albumin-corrected according to Payne’s formula), phosphate, intact parathy-
roid hormone (Chemiluminescant Microparticle Immuno Assay (CMIA), Architect system, Abbott diagnostics), 
hemoglobin and bicarbonate and pre- and post-dialysis measurements of potassium22,23.
Blood samples were taken before and immediately after hemodialysis at 6 consecutive hemodialysis sessions in 
3 mL lithium-heparin gel tubes (BD-vacutainer). Processing of blood samples was performed, taking into account 
documented stability of magnesium concentrations in lithium-heparin plasma for at least 7 days if stored at 4–8 
degrees and for 1 year if stored at −20 degrees Celsius24. Within one hour after collection, blood samples were 
centrifuged at 2000 × g during 15 minutes and plasma was temporarily stored at 4 degrees Celsius. All cryo vials 
were stored at −80 degrees Celsius within 0–3 days after collection until analysis. After collection of all samples, 
magnesium values were measured in duplicate with an automated analyzer from Roche-Hitachi using the col-
orimetric assay of the Cobas analysis kit. Assay variability for this assay has a coefficient of variation of 1.2% for 
within run precision (reproducibility) and 1.4% for between run precision (intermediate precision).
For every dialysis session, the following data were recorded: duration of dialysis, ultrafiltration volume, blood 
flow, dialysate flow, vascular access type and medication change in the mentioned categories.
Outcome. Primary outcome was post-dialysis plasma magnesium concentration.
Statistical analysis. Data were analyzed using SPSS for Windows (version 22.0; IBM SPSS Statistics. IBM 
Corp., Armonk, NY, USA). Continuous variables are described as mean and standard deviation for normally dis-
tributed variables and as median and interquartile range for non-normally distributed variables unless otherwise 
stated. Categorical variables are described as number and percentage. All available dialysis sessions of the study 
were used in the analysis, including sessions from participants of whom not 6 consecutive dialysis sessions were 
studied.
Assay variability and pre-dialytic intra-individual variability. Calculation of analytical variability and 
within-person total and biological variability was based on the methods described by Fraser and William that 
were recently updated by Braga et al.25,26. In short, analysis of variance techniques (ANOVA) were used to deter-
mine analytical variance and total pre-dialysis within-person variance. Subsequently, biological pre-dialysis 
within-person variance was calculated from these values using the formula described by Braga et al. The coeffi-
cient of variation (CV) was calculated by dividing the square roots of the variances by the corresponding means. 
We did not exclude outliers in order not to underestimate variance of results in clinical practice.
Magnesium concentration pre-dialysis and post-dialysis. For further analysis, the means of duplicate measure-
ments were used.
To analyze the distribution of pre-dialysis and post-dialysis magnesium concentrations in the study popu-
lation, for each patient the magnesium concentrations of the six dialysis sessions were pooled and the mean of 
these values was used. Pre-dialysis and post-dialysis magnesium are described as mean and standard deviation.
Statistical significance of the difference between pre-dialysis and post-dialysis magnesium was tested using 
the magnesium concentrations of each dialysis session in a linear mixed model for intra-dialytic change of 
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magnesium. This model included only a fixed and random intercept using a scaled identity covariance matrix to 
account for random effects in the subjects. The estimate of the fixed intercept represented the mean intra-dialytic 
change.
Associations of pre- and post-dialysis concentrations. Linear mixed models were also used for the analysis of the 
association of post-dialysis magnesium concentration with pre-dialysis magnesium concentration. Another anal-
ysis was performed for the association of the intra-dialytic change of magnesium concentration with pre-dialysis 
magnesium concentration. In both analyses, the means of duplicate measurements of each dialysis sessions were 
used. Either a random intercept or a random slope or a random intercept plus a random slope was used, based on 
the lowest Akaike’s information criterion. A scaled identity covariance matrix was used to account for random 
effects in the subjects. The results were visualized in scatter plots showing the regression line resulting from the 
fixed effects in the linear mixed models. Second, other baseline characteristics and dialysis characteristics were 
added to the model for post-dialysis magnesium concentration to determine if this changed the association. Also, 
the association of post-dialysis magnesium with these factors was analyzed in individual models (not including 
pre-dialysis magnesium concentration).
Data availability. The datasets used during the current study are available from the corresponding author on 
reasonable request.
Results
Patients. Details for patient enrolment are described in the flow-chart in Fig. 1. Finally, 34 patients partic-
ipated in the study, collectively potentially encompassing 204 paired magnesium concentration values (six per 
patient).
In 7 patients, blood sampling was not performed after the first dialysis session of the study. One of those 
patients died during study follow-up before the 6th dialysis session, due to a respiratory tract infection (not related 
to study procedures). In the other 6 patients, study follow-up was continued one extra (7th) dialysis session. In one 
other patient blood sampling was not performed after the second dialysis session. Two patients were studied only 
2 dialysis sessions because thereafter their dialysis schedule changed. All other patients were studied 6 consecutive 
dialysis sessions.
Baseline characteristics. Baseline characteristics are shown in Table 1. Participants had a median age of 68 
years (Q1-Q3 58–75) and 68 percent were male. Most patients were treated with regular hemodialysis and seven 
patients (21%) were on on-line hemodiafiltration. Residual diuresis was present in twenty-one patients (62%) 
and median volume of diuresis in the total study population was 400 mL per day (Q1-Q3 0–1000). One patient 
had chronic diarrhea. In 5 patients (15%), a central venous catheter was used for vascular access. Mean dialysis 
efficiency (Kt/Vurea) was 1.36. Proton pump inhibitors were used in 74% of patients, three patients (9%) used any 
medication containing magnesium, eighteen patients (53%) used diuretics and one patient used a calcineurin 
Figure 1. Flow-chart of patient enrolment in the study.
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inhibitor. None of the patients received any type of intravenous magnesium supplementation. Mean dialysis dura-
tion during the study (not shown in Table 1) was 3.8 hours (95%-CI 3.6–3.9).
Variability. The analytical coefficient of variation calculated from all duplicate determinations of pre-dialysis 
and post-dialysis magnesium concentrations was 0.9%. The coefficient of variation was 5.7% for total 
intra-individual variability of pre-dialysis magnesium values. Based on these values, the coefficient of biological 
intra-individual variability of pre-dialysis plasma magnesium concentrations was 5.6%.
Plasma magnesium concentrations. Mean pre-dialysis magnesium concentration was 0.88 (±0.14) 
mmol/L (Fig. 2). Mean post-dialysis concentration was lower with a smaller standard deviation: 0.78 (±0.05) 
mmol/L post-dialysis (Fig. 3). Magnesium concentrations changed significantly during dialysis with a mean 
decline of 0.10 mmol/L (95%-CI 0.06–0.13).
Association between pre-dialysis and post-dialysis plasma magnesium. A 0.10 mmol/L higher 
pre-dialysis plasma magnesium was associated with a 0.03 mmol/L higher post-dialysis plasma magnesium 
(95%-CI 0.024–0.037) (Fig. 4). The post-dialysis magnesium concentration equalled the pre-dialysis magnesium 
concentration (no intra-dialytic change) at a pre-dialysis magnesium concentration of 0.74 mmol/L. There was 
an intra-dialytic decline of plasma magnesium at higher pre-dialysis plasma magnesium values and an increase 
of plasma magnesium at lower pre-dialysis values (Figs 4 and 5). The intra-dialytic change of magnesium was 
0.07 mmol/L more negative for every 0.10 mmol/L increase of pre-dialysis plasma magnesium concentration 
(95%-CI 0.064–0.076) (Fig. 5). Baseline factors gender, age, serum albumin, hemoglobin, venous bicarbonate, 
height or body weight did not change the association of pre-dialysis magnesium concentration with post-dialysis 
magnesium concentration. In addition, the dialysis characteristics vascular access type, dialysis duration, ultra-
filtration volume, blood flow, hemodiafiltration and dialysis efficiency did not modify this association. Of these 
factors, only ultrafiltration volume (UF) was statistically significantly associated with post-dialysis magnesium 
(post-dialysis magnesium was 0.02 higher (95%-CI 0.011–0.037) per 1,000 mL increase of UF).
Age (years) 68 (58–75)
Male 23 (68)
Body weight (kg) 73.6 (14.8)
Height (cm) 170 (11)
Residual diuresis (N (%)) 21 (62)
Residual diuresis volume (mL) 400 (0–1000)
Chronic diarrhea 1 (3)
HDF 7 (21)
Vascular access type
 Fistula/Graft 29 (85)
 Catheter 5 (15)
spKt/V (per session) 1.36 (0.40)
Laboratory parameters pre-dialysis
 PTH (pmol/L) 25.0 (8.7–42.0)
 Calcium (mmol/L) 2.27 (0.15)
 Albumin (g/L) 40.3 (3.3)
 Phosphate (mmol/L) 1.64 (0.51)
 Hemoglobin (mmol/L) 7.0 (0.7)
 Bicarbonate (mmol/L) 22.6 (3.1)
 Potassium (mmol/L) 5.2 (0.8)
Laboratory parameter post-dialysis
 Potassium (mmol/L) 3.7 (0.4)
Medication
 PPI 25 (74)
 Oral Mg supplements/laxatives 1 (3)
 Mg containing phosphatebinder 2 (6)
 Intravenous Mg 0 (0)
 Diuretic 18 (53)
 CNI 1 (3)
Table 1. Baseline characteristics of all 34 study patients. Note: Categorical variables are expressed as number 
(percentage); continuous variables are expressed as mean (standard deviation) if normally distributed or 
median (Q1-Q3) if non-normally distributed. HDF, hemodiafiltration; spKt/V, single pool dialysis efficiency 
per session calculated with Daugirdas’ formula; PTH, parathyroid hormone measured with chemiluminescent 
microparticle immune assay from Abbott diagnostics, upper limit of reference range is 7 pmol/L; Calcium, total 
calcium adjusted for serum albumin; PPI, proton pump inhibitor; Mg, magnesium; CNI, calcineurin inhibitor.
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Discussion
Routine hemodialysis induces an intra-dialytic decline in plasma magnesium concentration in the majority of 
patients. This decline is higher if pre-dialysis magnesium concentration is higher. On average, there is a decline of 
plasma magnesium concentration during dialysis if pre-dialysis magnesium concentration is above 0.74 mmol/L. 
Correction for baseline factors and dialysis characteristics did not change the relation between pre-dialytic and 
post-dialytic magnesium concentration. In univariable analyses of these factors, only ultrafiltration volume had 
a statistically significant but weak association with post-dialytic magnesium concentration. This study demon-
strates that pre-dialysis plasma magnesium concentrations in the majority of hemodialysis patients are in the 
reference range for the healthy population (typically 0.70–1.00 mmol/L) and in this study the mean concentration 
was 0.88 mmol/L (±0.14).
The plasma magnesium concentration in our study is lower compared to other studies that have reported 
post-dialysis plasma magnesium concentrations in hemodialysis with a dialysate magnesium concentration of 
0.50 mmol/L18–20. Those studies showed variable results for mean post-dialysis plasma magnesium ranging from 
0.84 to 1.09 mmol/L. Pre-dialysis plasma magnesium concentrations in these studies were also higher than in our 
Figure 2. Distribution of pre-dialysis plasma magnesium concentrations in the individuals. The concentrations 
are the means of pooled values of the dialysis sessions in an individual.
Figure 3. Distribution of post-dialysis plasma magnesium concentrations in the individuals. The 
concentrations are the means of pooled values of the dialysis sessions in an individual.
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study and ranged from 0.97 to 1.24 mmol/L. The different results may be explained by a change of magnesium 
balance in the past years due to increased use of proton pump inhibitors (in our study 74% of patients) and pro-
cessed foods that have a low magnesium content27–29. Indeed, the highest concentrations were observed in the 
oldest study18. Moreover, reliability of previous studies was limited by either a small sample size or measurements 
at one dialysis session only.
We only included patients on hemodialysis with a fixed dialysate magnesium concentration of 0.50 mmol/L. 
Two previous studies that described pre- and post-dialysis magnesium concentrations when using a dialysate 
magnesium concentration of 0.75 mmol/L reported a stable mean plasma magnesium concentration during dial-
ysis ranging 1.10–1.21 mmol/L21,30. One of these studies included only 14 patients and the other study measured 
concentrations in 46 patients but only at one dialysis session.
Strengths of this study are that the sample size was adequate, magnesium concentration was measured pre- 
and post-dialysis at multiple consecutive hemodialysis sessions with a fixed dialysate magnesium concentration of 
0.50 mmol/L and also intra-individual variability was determined. Moreover, this study was performed in a center 
representing an average hemodialysis population in the modern Western hemodialysis practice and therefore 
takes into account modern dialysis techniques, Western diet and current medication use.
Figure 4. Association of plasma magnesium pre-dialysis with plasma magnesium post-dialysis. The regression 
line resulting from the linear mixed model is shown.
Figure 5. Association of plasma magnesium pre-dialysis with the intra-dialytic plasma magnesium change. The 
regression line resulting from the linear mixed model is shown. The regression line crosses the X-axis (no intra-
dialytic change) at a pre-dialysis magnesium concentration of 0.74 mmol/L.
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The study also has some limitations. First, total magnesium concentration was measured, not ionized magnesium, 
while especially the ionized (free) magnesium is amenable for dialytic clearance. However, observational studies on 
prognosis in hemodialysis patients measured total magnesium and showed that total magnesium concentration was 
relevant in this regard11–16,27,31. Importantly, it is more likely that the relative decline of ionized magnesium in this study 
is even more significant, which would strengthen and not weaken the main finding. A study that measured pre-dialysis 
ionized and total plasma magnesium concentration showed that in hemodialysis compared to healthy controls the 
ionized fraction of serum magnesium and the ionized magnesium concentration were decreased32.
Second, multiple baseline and dialysis characteristics did not confound the association of pre- and 
post-dialysis magnesium concentration in the analysis. However, in these patients on routine hemodialysis, for 
some of these factors, including dialysis duration and albumin, there was little variation amongst the study par-
ticipants. Therefore, the results of the current study may have limited external validity for populations with higher 
variability of these potentially important factors.
Third, only patients with a fixed dialysate magnesium concentration of 0.50 mmol/L were included in this study.
In one study in a Japanese population with higher ranging magnesium levels, the relation between pre-dialysis 
magnesium concentration and mortality was J-shaped and the optimal concentration was 1.27 mmol/L12. In the cur-
rent study all patients had concentrations below this concentrations, which also somewhat limits the external validity.
The results of this study may be important since a higher pre-dialysis plasma magnesium concentration is asso-
ciated with a lower overall mortality, cardiovascular mortality and sudden death in multiple observational studies in 
hemodialysis patients and this association was present also at magnesium concentrations above the reference range 
of the healthy population11,13–16,27,31. In the current study, all patients had pre-dialysis magnesium concentrations 
below this optimum and routine hemodialysis declined the concentrations even more in most patients. In hemodial-
ysis patients, especially without residual kidney function, removal of magnesium from the body is mainly dependent 
on dialysis. Thus, in patients with high pre-dialysis magnesium concentrations, a decline of plasma magnesium 
concentration during dialysis is the goal. However, our study results show that there is also a decline of magnesium 
during dialysis in patients with pre-dialysis magnesium concentration below the concentration that was optimal in 
the study by Sakaguchi et al. which was 1.27 mmol/L. Importantly the vast majority of our patients actually were 
below this value pre-dialysis. An additional decline of magnesium due to dialysis may be suboptimal. Information 
on the relevance of post-dialysis magnesium concentrations in relation to mortality in hemodialysis patients is lack-
ing. However, if magnesium has direct protective effects it is conceivable that magnesium exposure over time is of 
importance instead of its pre-dialysis value only. Therefore, dialysis induced changes in its concentration may be of 
importance. Regarding the pre-dialysis concentration that may be suboptimal and the dialysis induced decline in 
most patients, current widely used dialysate magnesium concentration of 0.50 mmol/L may therefore be too low. 
This low dialysate magnesium concentration was implemented in dialysis practice in the past to prevent pre-dialysis 
hypermagnesemia in patients that are dependent on dialysis clearance. Maybe, a single study that reported less 
bone disease if hypermagnesemia was reduced in hemodialysis patients has also stimulated the use of low dialysate 
magnesium concentrations18. The observational prognostic data in hemodialysis cohorts that became available in 
recent years indicate that lower magnesium concentrations instead are associated with poor outcome. Moreover, in 
the modern European population increased use of processed foods and proton pump inhibitors reduce magnesium 
intake and bowel uptake and may have changed magnesium balance in hemodialysis patients resulting in a lower 
prevalence of pre-dialysis hypermagnesemia in hemodialysis patients27–29.
Currently, there are insufficient data to conclude what is the optimal plasma magnesium concentration, how this 
concentration must be regulated and how to guide patient tailored choices of dialysate magnesium concentration. 
In a single arm intervention study that increased dialysate magnesium concentration from 0.50 to 0.75 mmol/L, 
pre-dialysis ionized magnesium concentration increased statistically significant from 0.53 (±0.12) to 0.66 mmol/L 
(±0.02) after 24 months without clinical signs of hypermagnesemia and no toxic levels of magnesium were 
detected33. In a retrospective observational study in 45 hemodialysis patients in which dialysate magnesium concen-
tration had been switched from 0.50 to 1.00 mmol/L, the frequency of intra-dialytic hypotension was lower in the 12 
months after this switch compared to the 12 months before this switch34. Equally, in a small cross-over intervention 
study in 14 hemodialysis patients, intra-dialytic hypotension was less frequent with dialysate magnesium concentra-
tion 0.75 mmol/L compared to 0.50 mmol/L and 0.25 mmol/L21. Moreover, in a recent observational cohort study, 
adjusted all-cause and cardiovascular mortality rate were lower in a group with a dialysate magnesium concentra-
tion of 0.75 mmol/L compared to a matched group with a dialysate magnesium concentration of 0.50 mmol/L35. Of 
note, this study may have been biased by unknown center specific differences as all patients from the high dialysate 
magnesium group were recruited from one center and pre-dialysis ionized serum magnesium concentration was 
not significantly associated to all-cause mortality in univariate analysis. Future controlled intervention studies are 
needed to determine how plasma magnesium concentrations can be optimized by changing dialysate magnesium 
concentrations, and to find the optimal plasma magnesium concentration for morbidity and mortality.
In conclusion, pre-dialysis plasma magnesium concentrations may be too low in most patients on hemodi-
alysis. Moreover, routine hemodialysis generally induces a further decline of plasma magnesium concentration. 
Current widely used dialysate magnesium concentration may be too low. Controlled intervention studies are 
needed to optimize magnesium balance in individual hemodialysis patients.
References
 1. Jahnen-Dechent, W. & Ketteler, M. Magnesium basics. Clin Kidney J 5, i3–i14, https://doi.org/10.1093/ndtplus/sfr163 (2012).
 2. Coburn, J. W., Popovtzer, M. M., Massry, S. G. & Kleeman, C. R. The physicochemical state and renal handling of divalent ions in 
chronic renal failure. Archives of internal medicine 124, 302–311 (1969).
 3. Reffelmann, T. et al. Low serum magnesium concentrations predict cardiovascular and all-cause mortality. Atherosclerosis 219, 
280–284, https://doi.org/10.1016/j.atherosclerosis.2011.05.038 (2011).
www.nature.com/scientificreports/
8SCieNTifiC RepORtS |  (2018) 8:10256  | DOI:10.1038/s41598-018-28629-x
 4. Kieboom, B. C. et al. Serum Magnesium and the Risk of Death From Coronary Heart Disease and Sudden Cardiac Death. Journal of 
the American Heart Association 5, https://doi.org/10.1161/jaha.115.002707 (2016).
 5. Liao, F., Folsom, A. R. & Brancati, F. L. Is low magnesium concentration a risk factor for coronary heart disease? The Atherosclerosis 
Risk in Communities (ARIC) Study. American heart journal 136, 480–490 (1998).
 6. Khan, A. M. et al. Low serum magnesium and the development of atrial fibrillation in the community: the Framingham Heart Study. 
Circulation 127, 33–38, https://doi.org/10.1161/CIRCULATIONAHA.111.082511 (2013).
 7. Lutsey, P. L. et al. Serum magnesium, phosphorus, and calcium are associated with risk of incident heart failure: the Atherosclerosis 
Risk in Communities (ARIC) Study. The American journal of clinical nutrition 100, 756–764, https://doi.org/10.3945/
ajcn.114.085167 (2014).
 8. Larsson, S. C., Orsini, N. & Wolk, A. Dietary magnesium intake and risk of stroke: a meta-analysis of prospective studies. The 
American journal of clinical nutrition 95, 362–366, https://doi.org/10.3945/ajcn.111.022376 (2012).
 9. Louvet, L., Buchel, J., Steppan, S., Passlick-Deetjen, J. & Massy, Z. A. Magnesium prevents phosphate-induced calcification in human 
aortic vascular smooth muscle cells. Nephrol Dial Transplant 28, 869–878, https://doi.org/10.1093/ndt/gfs520 (2013).
 10. Diaz-Tocados, J. M. et al. Dietary magnesium supplementation prevents and reverses vascular and soft tissue calcifications in uremic 
rats. Kidney Int, https://doi.org/10.1016/j.kint.2017.04.011 (2017).
 11. Ishimura, E., Okuno, S., Yamakawa, T., Inaba, M. & Nishizawa, Y. Serum magnesium concentration is a significant predictor of 
mortality in maintenance hemodialysis patients. Magnes Res 20, 237–244 (2007).
 12. Sakaguchi, Y. et al. Hypomagnesemia is a significant predictor of cardiovascular and non-cardiovascular mortality in patients 
undergoing hemodialysis. Kidney Int 85, 174–181, https://doi.org/10.1038/ki.2013.327 (2014).
 13. Matias, J. P. et al. Lower serum magnesium is associated with cardiovascular risk factors and mortality in haemodialysis patients. 
Blood Purif 38, 244–252, https://doi.org/10.1159/000366124 (2014).
 14. Kurita, N. et al. Contribution of dysregulated serum magnesium to mortality in hemodialysis patients with secondary 
hyperparathyroidism: a 3-year cohort study. Clin Kidney J 8, 744–752, https://doi.org/10.1093/ckj/sfv097 (2015).
 15. Lacson, E. Jr., Wang, W., Ma, L. & Passlick-Deetjen, J. Serum Magnesium and Mortality in Hemodialysis Patients in the United 
States: A Cohort Study. Am J Kidney Dis 66, 1056–1066, https://doi.org/10.1053/j.ajkd.2015.06.014 (2015).
 16. de Roij van Zuijdewijn, C. L. et al. Serum Magnesium and Sudden Death in European Hemodialysis Patients. PLoS One 10, 
e0143104, https://doi.org/10.1371/journal.pone.0143104 (2015).
 17. Li, L. et al. Hypomagnesemia and Mortality in Incident Hemodialysis Patients. Am J Kidney Dis 66, 1047–1055, https://doi.
org/10.1053/j.ajkd.2015.05.024 (2015).
 18. Gonella, M. et al. Improved bone morphology by normalizing serum magnesium in chronically hemodialyzed patients. Miner 
Electrolyte Metab 14, 240–245 (1988).
 19. Saha, H., Harmoinen, A., Pietila, K., Morsky, P. & Pasternack, A. Measurement of serum ionized versus total levels of magnesium 
and calcium in hemodialysis patients. Clin Nephrol 46, 326–331 (1996).
 20. Dewitte, K., Dhondt, A., Lameire, N., Stockl, D. & Thienpont, L. M. The ionized fraction of serum total magnesium in hemodialysis 
patients: is it really lower than in healthy subjects? Clin Nephrol 58, 205–210 (2002).
 21. Kyriazis, J. et al. Dialysate magnesium level and blood pressure. Kidney Int 66, 1221–1231, https://doi.org/10.1111/j.1523-
1755.2004.00875.x (2004).
 22. Payne, R. B., Little, A. J., Williams, R. B. & Milner, J. R. Interpretation of serum calcium in patients with abnormal serum proteins. 
British medical journal 4, 643–646 (1973).
 23. Daugirdas, J. T. Second generation logarithmic estimates of single-pool variable volume Kt/V: an analysis of error. J Am Soc Nephrol 
4, 1205–1213 (1993).
 24. World Health Organization. Diagnostic Imaging and Laboratory Technology. WHO/DIL/LAB/99.1 Rev. 2 (World Health 
Organization, Geneva, 2002).
 25. Fraser, C. G. & Harris, E. K. Generation and application of data on biological variation in clinical chemistry. Crit Rev Clin Lab Sci 27, 
409–437, https://doi.org/10.3109/10408368909106595 (1989).
 26. Braga, F. & Panteghini, M. Generation of data on within-subject biological variation in laboratory medicine: An update. Crit Rev 
Clin Lab Sci 53, 313–325, https://doi.org/10.3109/10408363.2016.1150252 (2016).
 27. Ago, R. et al. Hypomagnesemia as a predictor of mortality in hemodialysis patients and the role of proton pump inhibitors: A cross-
sectional, 1-year, retrospective cohort study. Hemodial Int, https://doi.org/10.1111/hdi.12437 (2016).
 28. Lameris, A. L., Hess, M. W., van Kruijsbergen, I., Hoenderop, J. G. & Bindels, R. J. Omeprazole enhances the colonic expression of 
the Mg(2+) transporter TRPM6. Pflugers Archiv: European journal of physiology 465, 1613–1620, https://doi.org/10.1007/s00424-
013-1306-0 (2013).
 29. Martinez Steele, E., Popkin, B. M., Swinburn, B. & Monteiro, C. A. The share of ultra-processed foods and the overall nutritional 
quality of diets in the US: evidence from a nationally representative cross-sectional study. Population health metrics 15, 6, https://doi.
org/10.1186/s12963-017-0119-3 (2017).
 30. Truttmann, A. C. et al. Maintenance hemodialysis and circulating ionized magnesium. Nephron 92, 616–621, 64109 (2002).
 31. Yu, L. & Li, H. & Wang, S. X. Serum Magnesium and Mortality in Maintenance Hemodialysis Patients. Blood Purif 43, 31–36, https://
doi.org/10.1159/000451052 (2016).
 32. Markell, M. S. et al. Deficiency of serum ionized magnesium in patients receiving hemodialysis or peritoneal dialysis. ASAIO journal 
(American Society for Artificial Internal Organs: 1992) 39, M801–804 (1993).
 33. Balzer, M. S. et al. Potential impact of dialysate magnesium on intradialytic hypotension. Archives of Renal Diseases and Management 
2, 031–034, https://doi.org/10.17352/2455-5495.000014 (2016).
 34. Küchle, C. et al. Correcting low magnesia levels in hemodialysis by higher dialysate magnesium. Cogent Medicine 4, 1302544, 
https://doi.org/10.1080/2331205X.2017.1302544 (2017).
 35. Schmaderer, C. et al. Reduced Mortality in Maintenance Haemodialysis Patients on High versus Low Dialysate Magnesium: A Pilot 
Study. Nutrients 9, https://doi.org/10.3390/nu9090926 (2017).
Acknowledgements
Part of the analyses have been previously reported as a poster at the American Society of Nephrology Annual 
Meeting (Kidney Week), October 31 - November 5, 2017, New Orleans, LA, USA (poster no. SA-PO746) and at 
the Dutch Federation of Nephrology Annual Fall Meeting, October 13, 2017, Bunnik, The Netherlands (poster 
no. P16). This work was supported by the Dutch Kidney Foundation (PhD grant no. 15OP02). The funder did not 
have any role in study design; collection, analysis, or interpretation of data; writing the report; or the decision to 
submit the report for publication.
www.nature.com/scientificreports/
9SCieNTifiC RepORtS |  (2018) 8:10256  | DOI:10.1038/s41598-018-28629-x
Author Contributions
Research idea and study design: M.V., N.L., J.H.; data acquisition: N.L.; data analysis/interpretation: N.L., M.V., 
F.v.I.; statistical analysis: N.L., F.v.I.; T.H.; supervision: M.V. Each author contributed during manuscript drafting 
or revision and approved the final version of the manuscript.
Additional Information
Competing Interests: F.v.I. received a grant from BBraun. M.V. received a grant and non-financial support from 
Amgen, a grant from F.M.C., and personal fees from Vifor and Baxter. The other authors have no other conflicts 
of interest.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
